. Chiral interactions between particles occur in all kinds of materials, from liquid crystals 2, 3 to cytoskeletal filaments in cells (for which the hierarchical assembly of bundlelike structures is dependent on, and sensitive to, the helical twist of the filaments 7, 8 ). Most of the chiral materials studied so far are passive or in thermal equilibrium. This means that their structural assembly is governed only by diffusion and by local interactions between the constituent particles. But most naturally occurring materials are far from passive. Instead, they constantly consume energy so that their particles self-organize into higher-order structures -the cytoskeletons of cells are prime examples of this 9, 10 . The next step, therefore, is to apply the principles identified by Gibaud and colleagues 1 to active systems. Imagine replacing the viruses used in this study with self-propelling chiral bacteria -would they still pack together in a two-dimensional membrane, and, if so, would the membrane move, or rotate, across mesoscopic or macroscopic distances? Could actively beating ribbons form, or would the noise stemming from active movement of the bacteria prevent the formation of such structures? All we can say for certain is that chiral interactions will add a new twist not only to the self-assembly of colloids, but also to the self-organization of active materials. 
GENOMICS

The path to retinoblastoma
Genomic analyses of tumours of the childhood cancer retinoblastoma reveal a low mutation rate, challenging the view that genomic instability is crucial for its progression. The work also identifies a new therapeutic target. See Article p.329
R etinoblastoma is a rare tumour that affects retinal cells in the eyes of children. Analyses of familial and sporadic cases of this cancer, backed by studies in genetically engineered mice, have shown that loss of function of the tumour-suppressor protein RB1 (also known as RB) is required for the development of most, if not all, tumours of this type. However, it is not clear how RB1-deficient retinal cells progress to malignant tumour cells 1 . In addition, emerging evidence that loss of RB1 function can induce genomic instability 2 has raised the tantalizing possibility that RB1-deficient retinal cells might be predisposed to accumulating many additional mutations, further complicating the identification of mutations that contribute to the development and maintenance of retinoblastoma. On page 329 of this issue, however, Zhang et al. 3 demonstrate that retinoblastoma genomes have very few recurrent mutations in genes other than RB1. Instead, the expression of cancer-related genes is affected by epigenetic modifications on chromosomes, which do not affect DNA sequence but are inherited after cell division.
To identify mutations that could cooperate with loss of RB1 function in tumour development, Zhang and colleagues 3 sequenced and compared the genomes of normal tissue and retinoblastoma tumours from four patients. The researchers found that RB1 was the only known cancer-related gene consistently mutated, and that the retinoblastomas had 15-fold fewer total mutations than other types of solid tumour whose genomes have been sequenced 4 . Next, the authors searched for epigenetic alterations and for abnormal gene expression in retinoblastoma cells. They identified the gene that encodes the protein kinase enzyme SYK as a potential oncogene whose expression is consistently higher in retinoblastoma cells than in normal immature retinal cells. Moreover, the activity of SYK was essential for the growth of retinoblastoma cells. The authors also show that certain small molecules that selectively inhibit SYK activity induce the death of retinoblastoma cells in a mouse model of the disease.
These findings 3 indicate that SYK may be a promising target for treating patients with retinoblastoma. SYK was not identified in previous searches for genes with a role in this cancer because it is not mutated or structurally rearranged in retinoblastoma. Therefore, Zhang and colleagues' study emphasizes the importance of high-throughput approaches that integrate genome sequencing with gene-expression analysis and epigenomics to identify cancer genes.
Low mutation frequency has also been observed 5 in medulloblastoma (a type of brain tumour that affects children), suggesting that it could be a general feature of childhood cancers. A possible explanation for this difference between the cancers of children and adults is that childhood tumours arise in cells that are naturally undergoing rapid developmental growth, with fewer brakes on their proliferation than cells in adults. An alternative explanation is that, in children, these cells are negotiating crucial developmental checkpoints that are susceptible to corruption, leading to incomplete or abnormal maturation. In both cases, only a few mutations would be needed to trigger the cellular changes associated with cancer.
Furthermore, epigenetic changes in children and excessive mutations in adults may have similar roles in cancer development. Another childhood cancer, Wilms' tumour, also has a relatively stable genome and displays an increased variation in DNA-methylation patterns compared with normal cells 6 . RB1-deficient retinal cells may be particularly susceptible to this tumour-formation mechanism, because RB1 interacts with the machinery that controls the epigenetic status of cells, including enzymes that remodel chromatin (DNA-protein complexes) and other enzymes that add methyl groups to DNA 1 . Thus, childhood cancers such as retinoblastoma may carry epigenetic abnormalities that change gene expression and are stably propagated through subsequent cell divisions, helping to maintain tumour-associated features.
If this model is correct, it is possible that RB1-deficient tumours in adults -such as small-cell lung cancer and some breast, prostate or blood cancers -also display epigenetic changes that are crucial for tumour development and maintenance. Future experiments, including integrated genomic analyses, may provide the answer.
The underlying mechanism of alterations in gene expression by epigenetic means in retinoblastoma is still unclear. But Zhang and co-workers' observation 3 that 13% of these tumours show recurrent mutations in the BCOR gene offers a possible explanation. The BCOR protein is highly expressed in the fetal retina and is essential for eye development, as evidenced by a congenital eye disorder, syndromic microphthalmia, which results from a heritable mutation in BCOR 7 . BCOR associates with proteins that repress gene expression epi genetically 8 . This raises the possibility that loss of BCOR function, due to acquired mutations in its gene, may contribute to an altered epi genetic landscape in RB1-deficient retinal cells. Consequently, inappropriate expression of crucial genes may impair cell maturation and so facilitate the progression of retinoblastoma. It will be of interest to determine whether BCOR is part of the repression machinery that silences SYK expression in the normal retina, and whether acquired BCOR mutations provide at least one route to altered expression of SYK in retinoblastoma.
Nevertheless, the current work -using a comprehensive, integrated genomics approach -is notable not just for demonstrating that epigenetic alterations have a predominant role in the progression of retinoblastoma. The new possibilities it raises for therapies in this childhood malignancy, and possibly in other types of tumour, are equally noteworthy. ■ The question that Thornton and colleagues address is, why does this happen? Do the structurally distinguishable subunits and/or their specific pattern of assembly confer improved or additional functions on the protein complex, with selection for their enhanced performance being the evolutionary driving force? Alternatively, might neutral processes be responsible, at least initially?
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To understand how the latter possibility might come about, imagine that a gene encoding, for example, eight subunits of a homooligomeric ring undergoes duplication (Fig. 1) . The two paralogous gene copies that this duplication produces -and the protein subunits they encode (call them A and B) -will of necessity begin to diverge through accumulation of neutral mutations. These mutations might not at first affect any of the subunits' functions, so that functional octameric rings could continue to form by a random sampling
EVOLUTIONARY BIOLOGY
A ratchet for protein complexity
Molecular machines containing related protein subunits are common in cells. Reconstruction of ancient proteins suggests that this type of complexity can evolve in the absence of any initial selective advantage. See Letter p.360
W. F O R D D O O L I T T L E
O rganisms and cells are bewilderingly complicated, and the molecular machines that perform many basic cellular functions are often giant, multisub unit, multifunctional protein complexes with tangled evolutionary histories. It is generally assumed that such complexes arose by the stepwise accretion of individual proteins, each addition representing a selective advantage by adding to or refining the machine's performance. But on page 360 of this issue, Thornton and colleagues 1 argue against this standard explanation in one particular instancethat of a ring-shaped protein complex in fungi. The authors show how evolutionary processes entailing loss of function rather than gain might initially drive a system towards complexity, independently of selection*.
Many cellular molecular machines contain several proteins that self-assemble into a multi-subunit ring. In simple cases, rings are homo-oligomeric; that is, all the subunits are identical and thus probably the products of a single gene. In more complex (heterooligomeric) examples, the protein molecules in the ring are different, but may be related.
Often, hetero-oligomeric rings seem to have arisen from homo-oligomeric complexes after a gene encoding a single subunit became duplicated, producing two or more gene copies (called paralogues), with each copy sub sequently evolving to encode a slightly different protein.
* This article and the paper 1 under discussion were published online on 8 January 2012. gene is duplicated, the two gene copies can diverge through the accumulation of neutral mutations, generating structurally distinguishable but functionally unaltered subunits A and B, which can form functional hetero-oligomeric rings by random mixture. c, If additional mutations prevent subunits from binding to others of their own type, functional rings could still be formed by alternating subunit types. As further mutations accumulate, the probability of returning to the initial homo-oligomeric situation becomes very small. Thus, the subunit composition of a protein association may become complex in the absence of initial selective advantages. Thornton and colleagues 1 provide experimental evidence suggesting that this type of process has occurred in the evolution of a six-membered protein ring that forms part of the vacuolar H + -ATPase enzymes in fungi.
